INTRODUCTION
Today hypersonic vehicles are commonplace. They include missiles, launch vehicles and reentry bodies such as space shuttles and reentry capsules. In the front region of these vehicles, a very strong shock wave appears that generates a huge increase of temperature. Fortunately, the endothermic chemical reactions of molecular oxygen and nitrogen dissociation and of ionization and plasma formation appear in and behind the bow shock wave. A lot of heat is absorbed due to these chemical reactions; therefore, the temperature decreases impressively that leads to much smaller wall heat flux, i.e. the task of thermal shield is alleviated. Unfortunately, the kinetics of these reactions is very complex, not very
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well understood and requires huge computational resources. For this reason, the present paper focuses on chemical reactions that occur at the Earth reentry of space vehicles such as capsules and shuttles.
GOVERNING EQUATIONS
The classic governing equations for hypersonic gas dynamics in thermal equilibrium are the Navier-Stokes equations at which, one adds the transport equations of species Y i that appear/disappear due to the chemical reactions [1, 2] (a careful reader should firstly read [1] and after that [2] ):
where the conservative variable vector U, convective flux F, diffusive flux G and source term S are given by The viscous stresses  are computed according to Stokes hypothesis for a Newtonian fluid: To close the above second order partial differential system, it is necessary to add supplementary constitutive (closure) relations:
 The temperature behind the bow shock wave is huge (of order of thousands K) while the pressure is relatively low (usually, it does not exceed 1 bar); therefore, the equation of ideal gas is valid: 
 The pre-exponential factor A, temperature exponent , activation energy E and third body efficiency  are determined experimentally. Unfortunately, they are not constant over the whole range of temperature and pressure. For their experimental determination, one uses typical reentry scenarios for capsules and space shuttles. In this paper, the values given by Park in [3] are used: Table 1 . a) -Forward reactions rate parameters based on the Park '89 model [3] in the Viviani -Pezzella variant [2] No. Number Number of species Number of reaction " 
One clearly sees that the pre-exponential factor A of reactions of dissociation of molecular oxygen O 2 and nitrogen N 2 is much bigger than the pre-exponential factor A of reactions of formation/destruction of nitrogen-oxide NO.
For this reason, it is possible to consider only the reactions of dissociation of molecular oxygen and nitrogen and to neglect the formation/destruction of nitrogen-oxide NO. This decreases significantly the computational effort and increases impressively the robustness of numerical algorithm.
It is possible to rewrite those 5 chemical reactions given in Table 1 and Table 2 without the third body efficiency ; i.e. it is possible to write 17 chemical reactions without the third body efficiency.
From the mathematical point of view, these two formulations are equivalent but they are not equivalent from the numerical point of view because the last formulation requires the computation of 17 exponentials instead of five, which is expensive from the computational point of view.
In the hypersonic gas dynamics, one prefers to use the kinetic theory of gases as much as possible. For this reason, the rate exponents are the stoichiometric coefficients of reactants  ' ij (see Eq. 11) while for the common applications (for example for the burning of hydrocarbons), the rate exponents are determined experimentally.
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It is preferable to use the formation enthalpy of species i h i formation Tref at reference temperature T ref of 0 K in order to simplify the expression of source term in the energy equation, see Eq. 6.
Unfortunately, the formation enthalpy of species is usually given at common reference temperatures, for example at T ref of 298.15 K.
From the mathematical and numerical point of view, Tables 1. a) and 1. b) are equivalent but they are different from the chemical interpretation.
For example, at reaction 1, Table 1 . a) shows that molecular oxygen O 2 , molecular nitrogen N 2 and nitrogen-oxide NO are inhibitors while Table 1 . b) indicates that atomic oxygen O and nitrogen N are catalysts.
NUMERICAL SIMULATIONS AND RESULTS
The 2D and 3D numerical simulations were computed with commercial code Ansys Fluent over a sphere-cone reentry capsule whose geometry is given in [6] .
The convective flux was discretized with AUSM + -up scheme [7] because this scheme seems to be the best for hypersonic gas dynamics [8, 9] . Due to carbuncle phenomenon, the convective flux was discretized with the original AUSM + -up scheme [7] , which is a first order upwind scheme.
To speed up convergence to the steady-state solution, the initialization was made with FMG (Full MultiGrid) technique [10] with thousands of cycles.
Due to its robustness, we have preferred the implicit formulation rather than the explicit one. Due to carbuncle phenomenon, the calculation was made with the solution steering technique [11] .
A very useful feature of this technique consists in automatic decrease of CFL number when the divergence is detected.
Furthermore, severe limitations of minimum and maximum pressure and temperature were made, in order to speed up convergence and avoid divergence due to carbuncle phenomenon.
Moreover, the relaxation to chemical equilibrium model [10] was employed to mitigate the unwanted carbuncle phenomenon. The 3D grid has about 3.4 millions of mixed cells (tetrahedrons and hexahedrons), see Fig. 1 .
The hexahedral cells were used only near the capsule while the tetrahedral cells were employed in rest of computational domain to increase the numerical (artificial) viscosity in order to diminish the spurious numerical oscillations. A symmetry plane was introduced in order to decrease the computational effort.
From Fig. 2 one clearly sees that the pressure coefficient at stagnation point is nearly 2, which is in concordance with the Newtonian impact flow theory [2] . The flow over capsule in symmetry plane is given in Fig. 3 .
One clearly sees the bow shock wave and the wake region behind the capsule. The bow shock wave is smeared at the end of computational domain because the mesh is coarse at the end of computational domain.
The formation/destruction of species is given in Figs. 4 and 5. The molecular oxygen O 2 dissociates completely behind the bow shock wave near the stagnation point region while the molecular nitrogen N 2 dissociates partially, which indicates that the ionization does not occur. The maximal concentration of nitrogen-oxide NO does not exceed 2%; therefore, the reactions of formation/destruction of this very unstable species could be neglected. 
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where  is the stand-off distance between bow shock wave and body, R N is the nose radius of body and  2 is the density behind the shock wave.
CONCLUSIONS
Further work is necessary to be done in order to increase the accuracy of numerical simulation and to mitigate the spurious numerical oscillations (carbuncle phenomenon). Practically, there are 2 main ways. The first way consists in increasing the numerical accuracy using Ansys Fluent. Firstly, the specific heats at constant pressure of species c pi should be functions of temperature at least until 10 000 K because now, they are functions of temperature until 5 000 K. Secondly, we should renounce at the hypothesis of thermal equilibrium that implies the writing of partial differential equations for vibrational temperatures of species through UserDefined Functions (UDFs) [14] .
The second way consists in developing an in-house code for hypersonic flows. This gives us a better flexibility in the choice of values of a numerical scheme tuning parameters, of primitive or conservative variables reconstruction and limiters. Some progress was made in this direction and we consider to publish soon some results.
